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We analyzed X-band radio tracking observations of the Mars Odyssey spacecraft during its aerobraking phase (October 2001 -January 2002 . Using the precision orbit determination software GEODYN, we obtained estimates of the spacecraft orbital energy lost during each periapsis pass due to atmospheric drag. We also recovered atmospheric density values at each periapsis, assuming simple exponential atmospheric models. Our measurements are in good agreement with the time series from the Odyssey accelerometer instrument, but they are dependent on the a priori scale height used. Using the accelerometer-derived periapsis densities and the precision orbit determination-derived frictional loss of orbital energy, we calculated new scale heights. Each represents the effective scale height of the atmosphere near periapsis for each aerobraking pass. Our results are consistently 1:7 0:7 km greater than the published accelerometer values. The accelerometer measurements have higher spatial and temporal resolution when they are available, but these results provide a data set useful for engineering and navigational purposes, to assess variability in the Martian middle atmosphere. = reference distance to Mars center of mass z = altitude above reference ellipsoid z 0 = reference altitude above reference ellipsoid = orbital true anomaly = atmospheric density 0 = atmospheric density at the reference altitude z 0 ACC = sigma for the atmospheric scale height published by the Accelerometer Team POD = uncertainty on the atmospheric scale height obtained from this study I. Introduction I N ADDITION to the obvious scientific interest in understanding the density structure and variability of the middle atmosphere of Mars, there are strong engineering incentives to do so. Such knowledge is critical to lander entry, and to orbiter aerobraking operations. Given the numerous planned missions to Mars, and with the perspective of human exploration, significant effort has been invested into collecting data on Mars' atmospheric structure. Thus, the amount of data available for modeling and understanding the lower and middle atmosphere has increased considerably. In addition to radio occultation and remote sensing studies during the primary missions of the various spacecraft in orbit around Mars, accelerometer experiments have been conducted during aerobraking. Accelerometers on Mars Global Surveyor (MGS), Mars Odyssey and Mars Reconnaissance Orbiter (MRO) obtained density profiles at each passage through the denser layers of the atmosphere, from periapsis up to about 140 km altitude [1] [2] [3] [4] .
Here we present density measurements of the middle atmosphere of Mars using the radio tracking data of the Mars Odyssey spacecraft during its aerobraking phase (24 October 2001 to 11 January 2002). Mars Odyssey, launched on 7 April 2001, performed its Mars orbit insertion maneuver on 24 October 2001, achieving an initial 18.6-hlong and highly elliptical orbit. Slowly, thanks to the atmospheric drag, the semimajor axis and the eccentricity of the orbit were decreased to reach the final, nearly circular mapping orbit.
In this study we show that Precise Orbit Determination (POD) can be used during periods of high atmospheric drag to estimate the energy lost by friction and the atmospheric environment near periapsis. POD has been used in the past to conduct studies geared toward the Martian atmosphere [5] [6] [7] [8] [9] , but previous studies used data at higher altitudes (MGS near 175 and 400 km; Mars Odyssey near 400 km).
The Mars Odyssey spacecraft also included an accelerometer that was used during the aerobraking phase to estimate atmospheric density to aid in spacecraft operations. A preliminary reexamination of the raw accelerometer data § showed some differences in the recovered density values compared with initial values published by the Accelerometer Team [10] . Because POD uses an independent data set, it can provide a complementary view of the atmospheric density environment. Here we present periapsis density and scale height results, assuming an exponential atmosphere with constant scale height. These results are used to assess atmospheric variability, which could be useful to make predictions when no accelerometer data are available.
II. Data and Methods
Compared with previous analyses performed during mission science phases [7, 8, 11] , where the atmospheric drag acceleration is very small compared with radiation pressure accelerations (both direct and reflected by Mars), the drag acceleration levels during Mars Odyssey aerobraking are 4 to 5 orders of magnitude larger. This is, of course, due to the much lower altitude during this mission phase: the periapsis altitude is in general around 100-110 km, compared with a mean mapping phase altitude of around 390-400 km. During each passage through periapsis, the friction decreases the total energy of the spacecraft orbit. The change in energy corresponds to a change in orbital parameters (ideally, only the semimajor axis), shrinking the orbit (the very objective of aerobraking).
The Mars Odyssey orbit and the atmospheric density are thus closely related. Although the accelerometer measurements do not invoke the particular geometry of the orbit (except through the spacecraft velocity, to transform the observed acceleration into a density), it is possible to estimate the atmospheric density at periapsis from the trajectory alone.
A. Simple Timing Method
To illustrate that point, and to assess whether we could anticipate valuable results with a more precise approach, we conducted preliminary calculations of the periapsis density using two relatively straightforward methods. We first used theoretical results [12] , which give a direct relationship between the eccentricity, the change in semimajor axis and the density at the periapsis. Our second method was more computational. For each aerobraking pass, we extracted positions of the Mars Odyssey spacecraft from the SPICE [13] kernels on the NASA Planetary Data System (PDS). The orbital energy change was calculated from the semimajor axis values at the preceding and following apoapsis:
During aerobraking, the loss of energy by atmospheric drag is much larger than changes in semimajor axis due to secular effects or orbit perturbations, and so we have E i < 0. A simple atmospheric exponential density model
was used to obtain the energy lost by friction along the trajectory arc. Each discretized 1 s orbital segment contributed
to the total dissipated energy E diss (where ds is the length of the segment, A is the cross-sectional area of the spacecraft, C D is the drag coefficient, and V is velocity). The atmospheric density 0 at the reference height z 0 was adjusted so that E E diss . The density at periapsis was then obtained. As seen in Fig. 1a , the densities obtained from both methods (with H 0 10 km) are in general agreement with results from the accelerometer experiment, in terms of magnitude and trend. The densities are consistently underestimated by 20% (Fig. 1b) , and larger discrepancies appear when the semimajor axis decreases (aerobraking pass number >250). Nevertheless it is sensible to expect more accurate estimates of the density during the Mars Odyssey aerobraking phase using POD than provided by oversimplified methods.
B. Precise Orbit Determination

Methods and Models
Compared with the previous methods, precise orbit determination (POD) has the advantage of providing a rigorous framework with which to evaluate the contribution of atmospheric drag to orbit evolution, relative to those caused by other forces acting on the spacecraft. Physical models of the geometry, the forces, and the corrections to be applied to the tracking observations are used to integrate the trajectory of the spacecraft (called an "arc"). The initial state of the spacecraft and various parameters describing those physical models are adjusted according to the differences (residuals) between actual observations and best-fit values inferred from the reconstructed trajectory. This process is iterated until an accurate fit is found, which minimizes the residuals of the observations. In this manner, POD can help disentangle atmospheric drag from contributions from other forces. We used the GEODYN program, developed at NASA Goddard Space Flight Center (GSFC) [14] . GEODYN is an orbit determination least squares batch filter that integrates the equations of motion and processes spacecraft tracking data to estimate geodetic parameters. On the force model side, gravitational accelerations of the sun, Earth, moon, planets, Phobos and Deimos are calculated based on the DE410 planetary ephemerides [15, 16] ; for Mars itself, a degree and order 90 spherical harmonic model (the GSFC "mgm1041c") is used ¶ ; modeled nonconservative accelerations include direct solar radiation, albedo and thermal planetary radiation, and atmospheric drag. GEODYN also applies corrections to the tracking data for relativity, for spacecraft antenna offset, for tropospheric delay due to ground station weather, and for ground station position due to polar motion, solid tides, and ocean loading. The values used for these parameters are the same as in studies of Mars Global Surveyor and Mars Odyssey mapping phase radio tracking data [8, 17] .
Compared with previous studies, we changed the a priori atmospheric model. Instead of using the Stewart model [18] , based on the dual snapshot Viking lander entry profiles, we used a simple exponential model, which is better adapted to the middle atmosphere. The scale height is set, but the a priori density of 2 10 8 kg m 3 at a reference height of 110 km is adjusted by GEODYN, through the drag coefficient C D .
Data
Although there is no official radio science investigation on Mars Odyssey, the raw radio tracking data and the timings of the orbital maneuvers have fortunately been archived on the NASA PDS server by R. A. Simpson. We analyzed data between 2 November 2001 and 9 January 2002, that is, about 300 aerobraking passes (#12 to #313, referenced to #2 at 21:05UTC on 24 October 2001). No radio tracking data were available between 31 December 2001 and 8 January 2002, corresponding to aerobraking passes #187 to #272.
The two types of observables in the tracking of the Mars Odyssey spacecraft are Doppler and Range measurements. In simple terms, Doppler observations constrain the velocity of the spacecraft relative to the tracking ground station, but only in the line-of-sight to the observing station on Earth. Range observations, usually more sparse, measure the ground station to spacecraft distance. In the case of Mars Global Surveyor and Mars Odyssey (science phase), the uncertainty in those measurements is usually 0:1 mm=s and 1 m, respectively. However, the aerobraking radio tracking data available are based on 1-s averages, instead of typical 10-s averages. Thus, the expected standard deviations on the Doppler measurements would be closer to 0:3 mm=s (increase by a factor 10 p ). On the other hand, as a consequence, the number of observations is comparatively much greater. During the 2 months (68 days) of data processed in this study, there were 4; 000; 000 Doppler and 30; 000 range observations to compare to 3; 500; 000 and 155; 000, respectively, during 4 yr of the Mars Odyssey mission [8] . This large number is also due to a necessarily more comprehensive tracking during aerobraking, which is the most critical phase of the mission once in orbit around Mars.
The observation geometry of the orbit during the aerobraking phase, as well as practical constraints on the spacecraft attitude during atmospheric passes, lead to poor periapsis tracking coverage (the high-gain antenna, HGA, was stowed on the spacecraft bus during drag passes). Only four passes were tracked during periapsis. In general, there was a data gap, extending around periapsis by 20 min (minimum: 12 min, maximum: 30 min). To verify that the estimated C D on the great majority of the arcs was not biased due to those data gaps, we artificially removed 40 min of data around the four periapsis with actual data. The drag coefficient adjusted by GEODYN changes by less than 0.1% in three cases, and by 0:5% at maximum. Thus, this lack of coverage just near periapsis does not bias our results. On the other hand, without coverage near periapsis, we cannot constrain atmospheric model other than simple exponential density models. Note that to be able to put any constraint on the atmospheric density, it is necessary to constrain the orbit both before and after the atmospheric drag pass occurs. Thus, any aerobraking pass that lacked tracking on either side (ingress or egress) was discarded.
Arcs
Performing the orbit determination on arcs several orbits in length proved difficult because of frequent orbital maneuvers. During aerobraking, those maneuvers are generally short but quite numerous, and take place mostly near periapsis, and usually with no data coverage. Instead of letting GEODYN adjust every single thruster firing documented on the PDS, we grouped them in longer "maneuvers." Distinguishing and estimating numerous second-long thruster firings could lead to a destabilization of the solution, and so instead we estimated one single set of accelerations per periapsis maneuver. There are two short periods free of maneuvers, and longer arcs, each spanning 10 orbits, yield reasonable estimates of density. In total, we created 179 separate arcs.
The processing of the arc is not as straightforward as during the mission mapping phase. The main difficulty comes from the initial state value. This initial "guess" to start the integration is based on the available SPICE kernels (reconstruction from the Navigation Team). Starting the arc near apoapsis made the POD program (GEODYN) overcorrect the initial state after the first iteration and often lead to nonconvergence. For this reason, we chose to start the arcs as close to Mars as possible, so that the uncertainties in the initial position, and hence in the adjustments, are necessarily smaller. To use as much tracking data as possible, the arcs were generally started shortly after the previous periapsis (once the altitude of the spacecraft was above the atmosphere contributing to the pass drag, taken to be 300 km). Similarly they were stopped before entering the atmosphere at the following aerobraking pass. Each arc thus lasted for a bit less than two orbital periods.
In addition, we generally performed initial convergence of the arcs assuming a fixed initial state. This enabled the removal of "bad" data points, another source of solution instability. The constraints on the initial state were then loosened, and we obtained the adjusted values for the parameters of interest (below).
III. Results
A. Arc Convergence
The quality of the arc convergence can be assessed from the residuals. We obtain root mean squares (rms) values of arc residuals of order of 5-10 mm=s. This is greater than common values for the higher-altitude science phase arcs of MGS and Mars Odyssey [8, 11] (where the rms is less than 1 mm=s). Indeed with more elliptical and higher-energy orbits, small changes in the adjusted orbital elements lead to more significant changes in position and velocity along the arc. Nevertheless the arc convergence is stable, and estimates of the drag coefficient, the critical physical parameter for our purpose, are robust.
The magnitude of the solar radiation pressure forces (direct solar radiation and reflected solar radiation due to Mars albedo) are scaled by a radiation coefficient C R , which is also adjusted by GEODYN during the POD processing. The recovered coefficients are quite different from unity, as would be expected ideally. The "contamination" of C R entails insufficient force modeling; either the radiation pressure itself or other forces are wrongly accounted for by GEODYN. The Mars Odyssey spacecraft has only one solar panel, and the asymmetry in its geometry could enhance residual forces not properly modeled.
Our modeling of the radiation pressure is arguably not thorough. Indeed the spacecraft attitude is not considered because of important self-shadowing due to the stowed HGA and frequent quaternion telemetry gaps not straightforward to interpolate. For those reasons, we fixed the cross section to a value of 11 m 2 . This is a fair assumption near periapsis because the spacecraft was controlled such that it presented the Y face to the air flow. Outside of the atmosphere (which accounts for the major part of the orbit), the attitude of the spacecraft is not constrained as well, and using a constant cross-sectional area for the radiation force along the whole orbit might result in significant errors in its modeling. However, during aerobraking, over an entire orbit, the atmospheric drag is much stronger than the radiation pressure. (The opposite is true during normal science phase.) In addition, radiation effects over a couple of orbits are not as important as in the case of long arcs at higher altitude.
The adjusted C R values are generally low, meaning that the mismodeled forces that are contaminating the C R recovery are small compared with the atmospheric drag. The inexact recovery of C R is thus not a subject of worry for the quality of the adjusted C D values. To demonstrate this, we processed all the arcs both with C R fixed to 1 and with C R unconstrained. The ratio of the two obtained C D series has a mean of exactly 1.0, and a standard deviation of only 0.5%.
The recovery of the magnitude of the orbital maneuvers is of the same order as the values reconstructed from the PDS. Given the important differences between modeled (one rather long and continuous acceleration) and actual (numerous short thruster firings) maneuvers, we did not expect perfect agreement. In any case, the magnitude of these maneuvers is generally rather small compared with the atmospheric drag acceleration, and so the impact on the adjusted C D should also be small. We verified this by reprocessing the aerobraking tracking data constraining the accelerations to the PDS values, not allowing GEODYN to adjust them. The recovered C D values are very close to our previous results. The mean of the C D values changes by only 0.5%, with a 1.5% standard deviation.
B. Density Estimates
We obtain the density measurements at the periapsis from the C D time series. The measured density at the reference height of 110 km is simply the drag coefficient multiplied by our a priori 2 10 8 kg m 3 . Using the scale height of the simple exponential model used during POD, we calculate the density at the periapsis altitude, where most of the atmospheric drag occurs, that is to say where the measurement is actually done, and meaningful.
IV. Discussion
A. Density Comparison
For comparison with published density results during aerobraking, we refer only to densities at periapsis, because that is where the drag force acts on the spacecraft and thus where our measurements are significant. Furthermore, differences in scale heights between models would artificially increase the discrepancies between our measured values and the accelerometer-derived densities when referencing them to a common reference altitude. The periapsis is also a natural choice for comparison because the Accelerometer Team did not detail its definition of the reference ellipsoid for the altitude reference. A disadvantage of dealing with periapsis densities is that the plots presented here cannot be directly used to infer any temporal variation, because the periapsis altitude varies over time. Figure 2a shows the densities at periapsis obtained from POD, the published values from the Accelerometer Team and the values obtained by Withers on preliminary reexamination of the same accelerometer data. The POD approach shows a clearly improved agreement with accelerometer-derived results compared with the simple methods presented in Sec. II.B. Recovered densities are in closer agreement with the Accelerometer Team results than the more recent calculations by Withers (derived from either 1s-, 7s-or 39s-smoothed raw accelerometer data). Varying the smoothing applied does bring changes to the recovered density profiles. In particular, the 39-s densities can be 10% lower than the and 7-s samples. Therefore, we prefer using the 7-s estimates, which have the advantage of both giving periapsis densities very close to the 1-s values and showing the overall density structure (and not the waves or instabilities).
B. Scale Height Comparison
In Fig. 2b , we plot the ratio of various densities with the Accelerometer Team results. The time series corresponding to the POD with a scale height of 10 km actually shows less scatter around unity than densities obtained from the 7s-smoothed data (itself closer to the previously published accelerometer results than the 1 and 39-s cases).
The density recovery is stable for shorter orbital periods, unlike the divergence observed earlier (Sec. II.B). The scatter around accelerometer-derived results is greatly reduced. When the model scale height is decreased (from 10 to 5 km), the obtained densities increase, because the same amount of friction must be experienced along a much shorter arc length (most of the drag occurs within two or three scale heights above the periapsis). Likewise increasing the scale height (from 10 to 15 km) leads to smaller estimates of the density near periapsis. For an a priori scale height of 10 km, the density ratios, very close to 1 before the radio tracking data gap (orbit number <186), are 0:8 afterwards. The scale height decreased from 10 km to 6 km. The evolution of important parameters is shown on Fig. 3 . Several of them do show correlation or anticorrelation with the scale height obtained from the accelerometer experiment: latitude, local solar time, altitude. The changes in solarzenith angle are rather small compared with those. With the POD method used here, the assumed scale height plays an important role on the measured density. Figure 4 shows the density ratios obtained from POD plotted against the scale height derived from the accelerometer experiment. From a nearly random scatter around unity in Fig. 2b , a clear linear trend appears, supporting the fact that the obtained ratio is closer to unity when the assumed scale height is closer to the actual scale height. GEODYN does not currently have the capability to dynamically adjust the scale height during the arc convergence. The variations shown on Fig. 3 clearly show that assuming a constant scale height is not correct. However, the choice of reasonable time-variable values would suppose a good a priori knowledge of the atmosphere In reality, POD analysis of the tracking data produces precise estimates of E, the energy lost by friction over one orbit. This quantity does not depend on the a priori atmospheric models used, and converging the same arcs with various scale heights leads to reasonably close values. The relative uncertainty in E is <5%, rising with time from 1 1% to 2 2% (Fig. 7) . For the most part, this increase is due to the decreasing orbit semimajor axis, and the decrease of the ratio lost frictional energy over total orbit energy.
On the other hand, as said above, the density is better constrained by the accelerometer, because of the high signal-to-noise ratio near periapsis. Thus, a new estimate of the scale height consistent with both the accelerometer periapsis density and the total frictional energy lost in an orbit can be obtained by solving for
We use the periapsis density determined from the accelerometer data. We choose to use the Accelerometer Team results, for consistency reasons in the following comparison of our estimated scale heights with the Accelerometer Team scale heights; and because the results obtained by Withers did not take the dependence of C D on density (transitional regime) into account. We were cautious of wave activity near periapsis for the evaluation of periapsis density.
To relate the frictional energy to orbital parameters and density and scale height at periapsis, we use simple orbital mechanics. On an orbit with semimajor axis a and eccentricity e, the distance to the center of the planet r is given by r a1 e 2 1 e cos (5) where is the true anomaly ( 0 at periapsis). Over a short arc length ds r d at position , the energy lost due to friction is
Integrating over from to (to obtain the total energy loss over one orbit), we obtain: 
For each aerobraking arc, we performed a least-square inversion to obtain the scale height that best fits the results obtained with all the probed a priori scale heights. The uncertainty was estimated from the scatter of scale heights inferred from individual a priori scale heights around that best-fit value (see Fig. 5 for explanation). The comparison between the POD and the accelerometer results is shown in Fig. 6 . We processed the entire aerobraking data set using 12 model scale heights (from 4 to 15 km, every kilometer), so that the uncertainties ( POD ) are small: 350 150 m, with a maximum of 900 m. These uncertainties are mostly due to uncertainties in E, and thus follow the same trend, increasing with time from 1:5 1% to 4 3% (Fig. 7) . They cannot be compared with the uncertainties published by the Accelerometer Team ( ACC ), which measure the departure of the actual density profile from an exponential one. With POD it is not possible to obtain density measurements at high spatial and temporal resolution because of the scarcity of radio tracking data relative to the number of parameters that would need to be estimated. Thus, our uncertainties represent the level of confidence in the exponential profile scale height. From Fig. 6 , it is clear that for the most part the obtained scale heights are larger than the published Accelerometer Team values. When plotted against each other (Fig. 8) , we observe an almost constant bias offset between the two series: our recovered scale heights are 1:7 0:7 km larger. This suggests that E would be consistently underestimated from the accelerometer data alone, by about 9 3:5%. Furthermore, about 86% of the Accelerometer Team scale heights do not fall within 3-sigma of our determined values.
It is important to note that when the assumption of an exponential atmosphere is verified (low ACC ), the scale heights obtained from both methods are in good agreement. All of the periapsis passes with ACC < POD (nine total) had scale height differences less than POD . About 95% of the periapses with ACC < 2 POD (23 total) had scale height differences less then 2 POD . This percentage decreases to 68% for ACC < 3 POD (38 total), but these numbers indicate that the scale heights recovered by POD are representative of the atmospheric density structure. When the atmosphere does not strictly follow an exponential profile, it still provides a picture of the effective drag environment experienced by the spacecraft during periapsis.
When no accelerometer data are available, these estimates would provide better constraints on scale heights than the values derived from the accelerometer experiments. Indeed using a simple exponential model, the POD scale heights will lead to the correct amount of orbital energy lost by friction, whereas lower scale heights (accelerometer) would underestimate it. The POD approach would be more appropriate to model the atmospheric structure from a navigation or orbit lifetime perspective. Indeed in the case of the Earth, early models based on satellite drag measurements (e.g., Jacchia models [19] ) are still used operationally by various organizations (U.S. Air Force Space Command, NASA Marshall Space Flight Center) [20, 21] . More recent models based on direct neutral density measurements (e.g., MSIS, mass spectrometer and incoherent scatter [22] ) are more expensive computationally and do not lead to better accuracy [20] . In terms of orbit lifetime, the MSIS model tends to postpone the reentry date [23] .
The density and scale heights near periapsis during the Mars Odyssey aerobraking can to first order be fitted linearly with latitude. The 1-fitting error for the scale height is about 13%, or 1.7 km, whereas for the density (in log scale) is close to 40%. Thus, if no accelerometer data are available, estimates of reasonable accuracy obtained from radio tracking data can be used to constrain the spacecraft drag environment.
V. Conclusions
We have demonstrated using observations from Mars Odyssey how precision orbit determination can be used to build on results from the accelerometer instrument during aerobraking to understand better the density structure of the Martian atmosphere. Using the spacecraft's X-band radio tracking data, we were able to tightly constrain the amount of energy lost by friction during each passage through periapsis. Although the density cannot be estimated directly because of the dependence of our results on the a priori atmospheric models used, the trajectory arcs prove useful to obtain improved estimates of the atmospheric scale height near periapsis. The effective atmospheric structure derived from POD consistently shows larger scale heights than those inferred from accelerometer data alone. This technique, which could be applied to other spacecraft with an accelerometer experiment (such as MGS and MRO), can be useful for engineering and navigation purposes. Indeed the temporal resolution of our measurements (one per orbit) is very poor compared with the accelerometer (typically 1 per second), but the observations relate directly to the effective energy lost by the spacecraft drag passes. The radio science measurements constitute a data set that could be used to estimate the effects of atmospheric drag on the orbit when no accelerometer data are available, and yield accurate atmospheric density estimates when the atmosphere is well approximated by an exponential density structure.
